Thermal injury produces a profound hypermetabolic and hypercatabolic stress response characterized by increased endogenous glucose production via gluconeogenesis and glycogenolysis, lipolysis, and proteolysis. The liver is the central body organ involved in these metabolic responses. It is suggested that the liver, with its metabolic, inflammatory, immune, and acute phase functions, plays a pivotal role in patient survival and recovery by modulating multiple pathways following thermal injury. Studies have evaluated the role and function of the liver during the postburn response and showed that liver integrity and function are essential for survival, and that hepatic acute phase proteins are strong predictors for postburn survival. This review discusses these studies and delineates the pivotal role of the liver in patients following severe thermal injury.
INTRODUCTION
A thermal injury represents one of the most severe forms of trauma and occurs in over two million people per year in the United States of America (1) . According to the World Health Organization (WHO), an estimated 322,000 deaths per year worldwide are related to thermal injury (2) . Over 440,000 children receive medical attention for burn injuries each year in the United States (3) . With approximately 1,100 children dying of burnrelated injuries in the United States every year (4) , severe burns represent the third most common cause of death in the pediatric patient population (5) , and account for a significant number of hospital admissions in the United States (6, 7) . A severe burn, therefore, represents a devastating injury affecting nearly every body organ system and leads to significant patient morbidity and mortality (8) . Burns produce a profound hypermetabolic stress response characterized by increased glucose production via glycogenolysis and gluconeogenesis, lipolysis, and protein catabolism (7) (8) (9) . The hypermetabolic stress response is driven by the inflammatory response, which encompasses hormones, cyto kines, and acute phase proteins (10) (11) (12) . Clinical studies have shown that sustained or increased hypermetabolic, inflammatory, and acute phase responses can be life threatening with the uncontrolled and prolonged action of counterregulatory stress hormones (cortisol, catecholamines, glucagon), proinflammatory cytokines (IL-1, IL-6, TNF-α), and acute phase proteins contributing to multiorgan failure, hypermetabolism, hypercatabolism, morbidity, and mortality (11) (12) (13) .
Over the last two decades, burn research focused on areas such as hypermetabolism, resuscitation, wound healing, pulmonary support, and infection (7) . Advances in these areas improved postburn outcomes, but severe burn is still associated with significant morbidity and mortality. Our group (14) (15) (16) (17) proposed that an integral part of the postburn response has not been determined; therefore, we focused our research on the role of the liver. The liver, with its metabolic, inflammatory, immune, and acute phase functions, plays a pivotal role in patient survival and recovery by modulating multiple pathways (13) . The role of the liver during the postburn response is essentially unknown and we, therefore, initiated a variety of studies to determine the function and role of the liver during the postburn response. This review aims to discuss the liver and its role during the postburn response.
LIVER ANATOMY, FUNCTION, AND PHYSIOLOGY

Anatomy
The liver constitutes approximately one-fiftieth of total body weight (2%) and weighs approximately 1,500 g in the adult. Its size reflects the complexity of its functions. The American system (lobar anatomy) divides the liver anatomically, based on the distribution of the intrahepatic branches of the hepatic artery, portal vein, and bile ducts. The right lobe is di-
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To a large extent, portal venous flow into the liver is regulated by extrahepatic factors such as the rate of flow from the intestines and spleen. Food, bile salts, secretin, cholecystokinin, pentagastrin, epinephrine, vasoactive intestinal peptide, and glucagon all increase portal blood flow. The liver serves as a physiologic reservoir of blood with 25% to 30% of its volume composed of blood. During acute blood loss, 300 mL or more can be released into the systemic circulation without adverse effects on liver function. Conversely, in the state of right-sided heart failure, up to 1000 mL of blood can be stored in the liver without affecting its function (18) (19) (20) .
Biliary System
Bile secretion is an active process that is relatively independent of total liver blood flow, except in conditions of shock. Bile is formed at two sites: the canalicular membrane of the hepatocyte; and the bile ductules or ducts. Total unstimulated bile flow in a 70-kg man has been estimated to be 0.41 to 0.43 mL/min; 80% of the total daily production of bile (approximately 1500 mL) is secreted by hepatocytes and 20% is secreted by the bile duct epithelial cells. The principal organic compounds in bile are the conjugated bile acids, cholesterol, phospholipids, and protein. As bile passes through the biliary ductules or ducts, it is modified by secretion or absorption of epithelial cells. The highest cells in the biliary ductules are called cholangiocytes and have functions and architecture in common with both hepatocytes and ductular cells. The best characterized hormone to stimulate bile secretion is secretin. The bile is then being secreted into the gallbladder, which only functions to concentrate and store bile during fasting. Approximately 90% of the water in gallbladder bile is absorbed in 4 h. Cholecystokinin appears to be the principle physiologic stimulator of gallbladder concentration. Cholinergic stimulation causes contraction of the gallbladder and relaxation of the sphincter of Oddi, forcing the bile into the intestines. Most of the bile salt is absorbed into the enterohepatic circulation. The liver extracts the bile acids and transports them back to the canalicular membrane where they are resecreted back into the biliary system. Total bile pool size in humans is 2 to 5 g and undergoes this circulation 2 to 3 times per meal and 6 to 10 times a day, depending on the dietary habit. In addition, 0.2 to 0.6 g are lost in the stool per day, and this quantity is replaced by newly synthesized bile acids (20) .
Bilirubin is a breakdown product of heme and is almost completely excreted in the bile. With hepatocellular disease or extrahepatic biliary obstruction, free bilirubin may accumulate in blood and tissues. Approximately 75% of bilirubin is derived from senescent red blood cells. Bilirubin circulates bound to albumin, which protects tissue from its toxicity. It is rapidly removed from the plasma by the liver through a carrier transport system. In the hepatocyte, bilirubin is conjugated with glucuronide and secreted in bile. Conjugated bilirubin may form a covalent bond with albumin, so called delta bilirubin. In the intestine, bilirubin is reduced by bacteria to mesobilirubin and stercobilirubin, collectively termed urobilinogen. These are both excreted in the stool. A part of urobilinogen is oxidized to urobilin, which is a brown pigment and gives stool its normal color (18) (19) (20) (21) .
Reticuloendothelial System (RES)
The Kupffer cells of the liver are part of the RES. The RES is part of the immune system and consists of the phagocytic cells located in reticular connective tissue, primarily monocytes and macrophages. The RES is divided into primary and secondary lymphoid organs. The liver is a secondary lymphoid organ. The function of the secondary lymphoid structures is to survey all entering or circulating antigen and to mobilize an immune response against foreign antigen upon its discovery.
METABOLIC SYSTEM
Acute Phase Response
The acute phase response is a cascade of events initiated to prevent tissue damage and to activate repair processes (13, 22) . The acute phase response is initiated by activated phagocytic cells, fibroblasts, and endothelial cells, which release proinflammatory cytokines leading to the systemic phase of the acute phase response (13, 22) . The systemic reaction affects: the hypothalamus, which leads to fever, release of steroid hormones by the pituitaryadrenal axis; the liver, which causes the synthesis and secretion of acute phase proteins; the bone marrow, which promotes further hemopoietic responses; and the immune system, which allows the activation of the RES and the stimulation of lymphocytes (13, 22) . However, a crucial step in this cascade of reactions involves the interaction between the site of injury and the liver, which is the principle organ responsible for producing acute phase proteins and modulating the systemic inflammatory response. The acute phase response usually encompasses positive acute phase proteins, whose expression is increased (C-reactive protein, α2-macroglobulin, haptoglobin, etc.) and negative acute phase proteins, whose expression is decreased (albumin and prealbumin, transferrin, retinol-binding protein, etc.).
Carbohydrate Metabolism
The liver has a central role in energy metabolism. It provides glucose as a readily available source of energy to the central nervous system, red blood cells, and adrenal medulla. During the fed state, results of intestinal carbohydrates digestion (glucose: 80%; galactose and fructose: 20%) are delivered to the liver, with galactose and fructose rapidly converted into glucose. Glucose absorbed by the hepatocyte is converted directly into glycogen for storage-up to a maximum of 65 g of glycogen per kg of liver mass. Excess glucose is converted to fat. Glycogen is also produced by skeletal muscles, but this is not available for use by any other tissues. During the fasting state, glycogen is the primary source of glucose. However, after 48 hours of fasting, liver glycogen is reduced and the body mobilizes fat and proteins to meet the metabolic need. In the muscle, mainly alanine is mobilized which then is converted to glucose by the liver (23, 24) .
Glycogenesis, glycogenolysis, and the conversion of galactose into glucose all represent hepatic functions, which ensure adequate glucose synthesis and, therefore, hypoglycemia is rare and only associated with extensive hepatic disease. Hyperglycemia, however, is common with severe liver disease due to deficient glycogenesis. Lactate is ordinarily converted to pyruvate and subsequently back into glucose by anaerobic metabolism and only in the liver. This shuttling of glucose and lactate between liver and peripheral tissue is carried out in the Cori cycle. The brain does not participate in the cycle and a continuous source of glucose for the brain must come at the expense of muscle proteins. In liver disease, the metabolism of glucose is often deranged. Frequently, in patients with cirrhosis the portal-systemic shunting causes decreased exposure of portal blood to the hepatocytes, producing an abnormal result of the oral glucose tolerance test. In fulminate hepatic failure, however, there is extensive loss of hepatocyte mass and function, and hypoglycemia supervenes as gluconeogenesis fails (21) .
Lipid Metabolism
There are three sources of free fatty acids (FFA) available to the liver: fat absorbed from the gut, fat liberated from adipocytes in response lipolysis, and fatty acids synthesized from carbohydrates and amino acids. These fatty acids are etherified with glycerol to form triglyceride. The export of triglycerides (TG) is dependent on the synthesis of very low density lipoproteins. In cases of an excess supply of fatty acid, there is lipid accumulation in the liver because there is an imbalance of triglyceride relative to very low density lipoproteins. This is seen in obesity, corticosteroid use, pregnancy, diabetes, and total parenteral nutrition. Simple protein malnutrition or protein:calorie imbalance may also result in fatty change of liver, based on decreased export of TG because of limited supply of precursors for hepatic synthesis of lipoproteins (21, 25) .
Synthesis of both the phospholipid and cholesterol takes place in the liver, and the latter serves as a standard for the determination of lipid metabolism. The liver is the major organ involved in the synthesis, esterification, and excretion of cholesterol. In the presence of parenchymal damage, both the total cholesterol and the percentage of esterified fraction decreased. The biliary obstruction results in the rise in cholesterol, and the most pronounced elevations are noted in the primary biliary cirrhosis and the cholangiolitis accompanying toxic reactions to the phenothiazine derivatives (20, 21) .
Protein Metabolism
At least 17 of the major plasma proteins are synthesized and secreted by the liver. The liver is the only organ that produces serum albumin and α-globulin, and it synthesizes most of the urea in the body. Production of various serum proteins is an important index of liver function. Albumin is the most abundant serum protein, its synthesis accounting for 11% to 15% of total hepatic synthesis. Synthesis of albumin is influenced by nutrition, thyroxin, insulin, glucagons, cortisol, and cytokines produced during the systemic inflammatory response (16, 26) .
Hepatic cells are responsible for the synthesis of albumin, fibrinogen, prothrombin, and other factors involved in blood clotting. A reduction of serum albumin is one of the most accurate reflections of liver disease and the effects of medical therapy. Because the half-life of albumin is 21 days, impairment of hepatic synthesis must be present for at least 3 weeks before liver synthetic abnormalities can be reflected in relative decrease in serum albumin concentrations. The correlation between total protein and disease of the liver is not as close as that between the serum albumin level and liver disease, since albumin is produced only by hepatic cells and a reduction is frequently compensated for by the increase in the level of globulin (21) .
Vitamin Metabolism
The liver has many important roles of uptake, storage, and mobilization of vitamins. Most important are the fatsoluble vitamins A, E, D, and K. The absorption of these vitamins is dependent on bile salts. The vitamins appear in the thoracic duct 2 to 6 hours after oral administration. Vitamin A is exclusively stored in the liver, and excess ingestion of vitamin A may be associated with significant liver injury. A role for storage of vitamin A in the Ito cells (fat-storing cells) has been suggested. The initial step in vitamin D activation occurs in the liver where vitamin D 3 is converted to 25-hydroxycholecalciferol. Vitamin K is essential for the γ-carboxylation of the vitamin K-dependent coagulation factors II, VII, IX, and X. These factors are inactive without γ-carboxylation (see paragraph below) (20, 21) . A vitamin that has gained attention is vitamin E, because it has been shown to be a very potent antioxidant which could reduce oxidative stress following trauma or thermal injury.
Coagulation
The liver produces multiple coagulation factors which can be altered or become defective in the state of liver disease. In the state of jaundice, vitamin K resorption is decreased, resulting in a decreased synthesis of prothrombin, or, when the liver is severely damaged or in a state of hepatocellular dysfunction, prothrombin is not synthesized at all. The diagnosis of pathological prothrombin synthesis is made by the prothrombin time (PT). PT as well as international normalized ratio (INR) are measures of the extrinsic pathway of coagualtion. Decreases in factors V, VII, IX and fibrinogen also have been noted in hepatic disease (20, 21) .
Hormonal System
Multiple hormones are either synthesized by, secreted by, or interact with the liver. Angiotensinogen is made and secreted into the bloodstream by the liver. The liver also is actively involved in vitamin D synthesis by hydroxylation of cholecalciferol to 25-hydroxycholecaciferol by the enzyme 25-hydroxylase. IGF-I and IGFBPs, synthesized and secreted in the liver, are important hormones that play a role in the growth and development. The main stimulus for IGF-I production is growth hormone (GH). Lastly, HGF, a major hepatic regenerative growth factor, is synthesized in the liver (27) .
HEPATIC CHANGES IN RESPONSE TO A BURN AND THE HEPATIC ACUTE PHASE RESPONSE Liver Damage and Morphological Changes
After a thermal injury, a variable degree of liver injury is present and it is usually related to the severity of the thermal injury. By which mechanisms a thermal injury induces fatty changes is not entirely defined and we suggest that fatty changes are associated with hepatic apoptosis (described in detail below). Fatty changes and hepatomegaly (Figure 1) , a very common finding are, per se, reversible and their significance depends on the cause and severity of accumulation (28) . However, autopsies of burned children who died have shown that fatty liver infiltration was associated with increased bacterial translocation, liver failure, and endotoxemia (29) . Immediately after burn, the damage of the liver may be associated with an increased hepatic edema formation. We (15) have shown that the liver weight and liver/ bodyweight significantly increased 2 to 7 days after burn when compared with controls. As hepatic protein concentration was significantly decreased in burned rats, we suggest that the liver weight gain is due to increased edema formation rather than increases in the number of hepatocytes or protein levels. An increase in edema formation may lead to cell damage, with the release of the hepatic enzymes. Liver enzymes, such as aspartate aminotransferase (AST) and alanine aminotransferase (ALT) are the most sensitive indicators of hepatocyte injury. Both AST and ALT are normally present in low concentrations. However, with cellular injury or changes in cell membrane permeability, these enzymes leak into circulation. Of the two, the ALT is the more sensitive and specific test for hepatocyte injury as AST also can be elevated in the state of cardiac arrest or muscle injury. Serum glutamate dehydrogenase also is a marker and is elevated in the state of severe hepatic damage. Serum alkaline phosphatase (ALKP) provides an elevation of the patency of the bile channels at all levels, intrahepatic and extrahepatic. Elevation is demonstrated in patients with obstruction of the extrahepatic biliary tract or calculi. In general, serum levels are elevated in hepatobiliary disease. Thermal injury causes liver damage by edema formation, hypoperfusion, proinflammatory cytokines, or other cell death signals with the release of the hepatic enzymes. Serum AST, ALT, and ALKP are elevated between 50% to 200% from baseline when compared with normal levels (Figure 2) . Jeschke et al. (16, 26) observed that serum AST and ALT peaked during the first day postburn and ALKP during the second day postburn. During hepatic regeneration, all enzymes returned to baseline during acute hospitalization. A limitation of the use of hepatic enzymes is that they could be elevated because of other reasons. For example, ALKP can be elevated in patients with mass bone resorption and in growing children. Therefore, alterations in hepatic enzymes need to be evaluated carefully.
Liver damage has been associated with increased hepatocyte cell death (15) . In general, cell death occurs by two distinctly different mechanisms: programmed cell death (apoptosis) or necrosis (30) . Apoptosis is characterized by cell shrinkage, DNA fragmentation, membrane blebbing, and phagocytosis of the apoptotic cell fragments by neighboring cells or extrusion into the lumen of the bowel without inflammation. This is in contrast to necrosis, which involves cellular swelling, random DNA fragmentation, lysosomal activation, membrane breakdown, and extrusion of cellular contents into the interstitium. Membrane breakdown and cellular content release induced inflammation with the migration of inflammatory cells and release of proinflammatory cytokines and free radicals, which leads to further tissue breakdown. Pathological studies found that 10% to 15% of thermally injured patients show signs of liver necrosis at autopsy (28) . The necrosis is generally focal or zonal, central or paracentral, sometimes microfocal, and related to burn shock and sepsis. The morphological differences between apoptosis and necrosis are used to differentiate the two processes.
A cutaneous thermal injury induces liver cell apoptosis associated with caspase activation (see Figure 2) (15) . This increase in hepatic programmed cell death is compensated for by an increase in hepatic cell proliferation, suggesting that the liver attempts to maintain homeostasis. Despite the attempt to compensate increased apoptosis by increased hepatocyte proliferation, the liver cannot regain hepatic mass and protein concentration, as we found a significant decrease in hepatic protein concentration in burned rats. It has been shown that a cutaneous burn induces small bowel epithelial cell apoptosis (31, 32) . In the same study, the authors showed that small bowel epithelial cell proliferation was not increased, leading to a loss of mucosal cells and hence mucosal mass (31, 32) . Similar findings were demonstrated in the heart (33, 34) . In burn-induced cardiocyte apoptosis, however, cardiocyte proliferation remained unchanged causing cardiac impairment and dysfunction (33, 34) .
The mechanisms whereby a cutaneous burn induces programmed cell death in hepatocytes are not defined. Studies suggested that, in general, hypoperfusion and ischemia-reperfusion are associated to promote apoptosis (35) (36) (37) (38) . After a thermal injury, it has been shown that the blood flow to the bowel decreases by nearly 60% of baseline and stays decreased for approximately 4 hours (31). It can be surmised that the hepatic blood flow also decreases, thus causing programmed cell death. In addition, proinflammatory cytokines such as IL-1 and tumor necrosis factor (TNF)-α have been described to be an apoptotic signal (30, (39) (40) (41) (42) . After a thermal injury, serum and hepatic concentration of proinflammatory cytokines such as IL-1α/β, IL-6, and TNF-α are increased (14, (43) (44) (45) and we, therefore, suggest that two possible mechanisms are involved in increased hepatocyte apoptosis: decreased splanchnic bloodflow; and elevation of proinflammatory cytokines, initiating intracellular signaling mechanisms. Signals that may be involved encompass many signals that play an important role during the acute phase response.
Studies now focus on the identification of which molecular mechanism in a thermal injury leads to hepatocyte apoptosis and dysfunction ( Figure 3 ) (46) and have found that burn injury leads to endoplasmic reticulum (ER) stress and gross alterations in ER calcium with increased cytosolic calcium concentrations. Increased cytosolic calcium induces mitochondrial damage which releases cytochrome c. Cyto chrome c binds to the inositol triphosphate receptor (IP 3 R) augmenting the depletion of ER calcium stores. ER stress/ unfolded protein response (UPR) leads to cell apoptosis and activation of Jun-Nterminal kinase (JNK) which phosphorylates the serine IRS-1, blocking phosphorylation of tyrosine IRS-1. ER stress/UPR also impairs the prosurvival PI3K/Akt Thermal injury leads to gross alterations in ER calcium with increased cytosolic calcium concentration. Increased cytosolic calcium induces mitochondrial damage which releases cytochrome c. Cytochrome c increases the existing ER stress/UPR but also binds to the IP 3 R augmenting the depletion of ER calcium stores. ER stress/UPR leads to cell apoptosis and activation of JNK which phosphorylates the 612 serine of IRS-1, which blocks phosphorylation of tyrosine IRS-1. ER stress/UPR also impairs the prosurvival PI3K/Akt signaling which results in an increased activation of the IP 3 R increasing ER stress/UPR. signaling, resulting in an increased activation of the IP 3 R increasing ER stress/UPR. This finding is of therapeutic significance because limiting the unfolded protein burden with "chemical chaperones" may promote hepatocyte survival (47) . Furthermore, the ongoing development of pharmacologic agents which limit proapoptotic ER stress signaling pathways may have a therapeutic benefit to improve organ function and patient survival (48) .
Effects on Biliary System
In trauma and sepsis, intrahepatic cholestasis occurs frequently and appears to be an important pathophysiologic factor, and occurs without demonstrable extrahepatic obstruction. This phenomenon has been described in association with a number of processes, such as hypoxia, drug toxicity, or total parenteral nutrition (49) . The mechanisms of intrahepatic cholestasis seem to be associated with an impairment of basolateral and cunicular hepatocyte transport of bile acids and organic anions (50, 51) . This is most likely due to decreased transporter protein and RNA expression, thus leading to increased bile. Intrahepatic cholestasis, which is one of the prime manifestations of hepatocellular injury, was present in 26% of the cases in a clinical study (28) .
Reticuloendothelial System (RES)
Severe burn is associated with a compromised immune system that can lead to infections and sepsis (52) (53) (54) . Burn has furthermore been shown to depress RES phagocytic activity (55, 56) . The exact mechanism by which a burn causes RES dysfunction is not known. Trop et al. (55, 56) investigated some possible mechanisms by which a burn causes RES dysfunction, and found that hemolysis may play a role in the alterations in RES phagocytic activity. We (15, 16, 22, 43, 57) , along with others, have shown that the liver also contributes to the inflammatory and acute phase response by expressing proinflammatory cytokines and acute phase proteins, indicating the central role of the liver in the inflammatory, acute phase, and immune response.
METABOLIC SYSTEM
Glucose, Protein, and Lipid Metabolism
Severe burns covering more than 40% of total body surface area (TBSA) typically are followed by a period of stress, inflammation, and hypermetabolism, characterized by a hyperdynamic circulatory response with increased body temperature, glycolysis, proteolysis, glycogenolysis, gluconeogenesis lipolysis, and futile substrate cycling (58) (59) (60) . These responses are present in all trauma, surgical, or critically ill patients, but the severity, length, and magnitude is unique for burn patients (7). Marked and sustained increases in catecholamine, glucocorticoid, glucagon, and dopamine secretion are thought to initiate the cascade of events leading to the acute hypermetabolic response with its ensuing catabolic state (7, 8, 26, (61) (62) (63) (Figure 4 ). The cause of this complex response is not well understood. However, interleukin (IL)-1 and IL-6, platelet-activating factor, TNF, endotoxin, neutrophil-adherence complexes, reactive oxygen species, nitric oxide, and coagulation, as well as complement cascades also have been implicated in regulating this response to thermal injury (64) . Once these cascades are initiated, their mediators and byproducts appear to stimulate the persistent and increased metabolic rate associated with altered glucose metabolism seen after severe thermal injury (65) .
Several studies have indicated that these metabolic phenomena postburn occur in a timely manner, suggesting two distinct patterns of metabolic regulation following injury (26, 66) . The first phase occurs immediately post severe thermal injury and lasts for about 12 to 14 hours and has classically been called the "ebb phase" (66) (67) (68) . This first phase is characterized by decreases in cardiac output, oxygen consumption, and metabolic rate, as well as by impaired glucose tolerance associated with its hyperglycemic state. These metabolic variables gradually increase within the first 5 days postinjury to a plateau phase (called the "flow" phase), characteristically associated with hyperdynamic circulation and the above-mentioned hypermetabolic state (66) . Insulin release, during this time period, was found to be twice that of controls in response to glucose load (26, 69) , and plasma glucose levels are elevated markedly, indicating the development of an insulin resistance (26, 69) . Current understanding has been that these metabolic alterations resolve soon after complete wound closure. However, recent studies found that the hypermetabolic response to thermal injury may last for at least 12-36 months after the initial event (16, 58, 70, 71) .
Glucose metabolism in healthy subjects is tightly regulated. Under normal circumstances, a postprandial increase in blood glucose concentration stimulates release of insulin from pancreatic β cells. Insulin mediates peripheral glucose uptake into skeletal muscle and adipose tissue and suppresses hepatic gluconeogenesis, thereby maintaining blood glucose homeostasis (72, 73) . In critical illness, however, metabolic alterations can cause significant changes in energy substrate metabolism. To provide glucose, a major fuel source to vital organs, release of the above-mentioned stress mediators oppose the anabolic actions of insulin (74) . By enhancing adipose tissue lipolysis (75) and skeletal muscle proteolysis (76), they increase gluconeogenic substrates, including glycerol, alanine, and lactate, thus augmenting hepatic glucose production in burn patients (72, 73, 77) . Hyperglycemia fails to suppress hepatic glucose release during this time (23) , and the suppressive effect of insulin on hepatic glucose release is attenuated, significantly contributing to posttrauma hyperglycemia (78) . Catecholaminemediated enhancement of hepatic glycogenolysis, as well as direct sympathetic stimulation of glycogen breakdown, can further aggravate the hyperglycemia in response to stress (73) . Catecholamines also have been shown to impair glucose disposal via alterations of the insulin signaling pathway and GLUT-4 translocation muscle and adipose tissue, resulting in peripheral insulin resistance (72, 79) . Cree et al. (69) showed an impaired activation of Insulin Receptor Substrate-1 at its tyrosine binding site and an inhibition of Akt in muscle biopsies of children at 7 days postburn. The work of Wolfe et al. (23, 75, 78, 80) indicates links between impaired liver and muscle mitochondrial oxidative function, altered rates of lipolysis, and impaired insulin signaling postburn, attenuating both the suppressive actions of insulin on hepatic glucose production and on the stimulation of muscle glucose uptake. Another counterregulatory hormone of interest during stress of the critically ill is glucagon. Glucagon, like epinephrine, leads to increased glucose production through both gluconeogenesis and glycogenolysis (81) . The action of glucagon alone is not maintained over time; however, its action on gluconeogenesis is sustained in an additive manner with the presence of epinephrine, cortisol, and GH (74, 81) . Likewise, epinephrine and glucagon have an additive effect on glycogenolysis (81) . Recent studies found that proinflammatory cytokines contribute indirectly to postburn hyperglycemia via enhancing the release of the above mentioned stress hormones (82) (83) (84) (85) . Other groups showed that inflammatory cytokines, including TNF, IL-6, and monocyte chemoattractant protein-1 (MCP-1) also act via direct effects on the insulin signal transduction pathway through modification of the signaling properties of insulin receptor substrates, contributing to postburn hyperglycemia via liver and skeletal muscle insulin resistance (86) (87) (88) . Alterations in metabolic pathways as well as proinflammatory cytokines, such as TNF, also have been implicated in contributing significantly to lean muscle protein breakdown, both during the acute and convalescent phases in response to thermal injury (11, 12, 89, 90) . In contrast to starvation, in which lipolysis and ketosis provide energy and protect muscle reserves, thermal injury considerably reduces the ability of the body to utilize fat as an energy source. Counterregulatory hormones such as glucagon, cortisone, and so on, post severe thermal injury, vary in their concentration. While glucagon appears to be decreased, Norbury et al. (63) and Gauglitz et al. (91) have shown recently that cortisone levels are increased markedly up to 3 years post severe thermal injury. The major mechanisms by which thermal injury causes hyperglycemia is probably not due to the hormonal system, but rather is associated on a molecular level with impaired insulin receptor signaling (92) .
Skeletal muscle is thus the major source of fuel in the burned patient, which leads to marked wasting of lean body mass (LBM) within days after injury (7, 93) . This muscle breakdown has been demonstrated with whole body and cross leg nitrogen balance studies in which pronounced negative nitrogen balances persisted for 6 and 9 months after injury (58) . Since skeletal muscle has been shown to be responsible for 70% to 80% of whole-body insulin-stimulated glucose uptake, decreases in muscle mass may contribute significantly to this persistent insulin resistance postburn (94) . The correlation between hyperglycemia and muscle protein catabolism also has been supported by Flakoll et al. (95) in which an isotopic tracer of leucine was utilized to index whole-body protein flux in normal volunteers. The group showed a significant increase in proteolysis rates occurring without any alteration in either leucine oxidation or nonoxidative disposal (an estimate of protein synthesis), suggesting a hyperglycemiainduced increase in protein breakdown (95) . Flakoll et al. (95) further demonstrated that elevations of plasma glucose levels resulted in a marked stimulation of whole body proteolysis during hyperinsulinemia. A 10% to 15% loss in LBM has been shown to be associated with significant increases in infection rate and marked delays in wound healing (96) . The resultant muscle weakness was further shown to prolong mechanical ventilatory requirements, inhibit sufficient cough reflexes and delay mobilization in protein-malnourished patients, thus contributing markedly to the incidence of mortality in these patients. Persistent protein catabolism also may account for delay in growth frequently observed in our pediatric patient population for up to 3 years postburn (61, (96) (97) (98) (99) .
Of great interest is the change in fat metabolism, serum triglycerides, and free fatty acids (FFA), all of which are altered significantly throughout almost the entire acute hospital stay. Fat transporter proteins are decreased postburn while triglycerides and FFA are increased, which could explain the fatty infiltration of the liver and other organs postburn. Barret et al. (29) have shown that hepatomegaly with fatty infiltration is associated with increased incidence of sepsis and mortality, implying the importance of organ integrity and function. The occurrence of triglyceride accumulation in the liver has been documented by direct liver biopsy in critically ill patients (100) and in autopsies of patients who died from severe thermal injury (29, 101, 102) . Several investigators (29, (101) (102) (103) have shown in clinical studies that the size of the liver may be increased by four-fold or more in burn patients. The rate of gain of liver triglycerides in severely burned patients far exceeds the rate of gain in any other pathological circumstance in which hepatic steatosis develops. The mechanisms leading to hepatic triglyceride accumulation after thermal injury are an excessive delivery of fatty acids to the liver as a consequence of β-adrenergic mediated stimulation of lipolysis (104, 105) and a diminished effectiveness of insulin (from carbohydrate intake) in suppressing lipolysis (101) . Uptake of fatty acids across the liver was found to be proportionate to delivery in both pigs (106) and human patients (25) , so that accelerated delivery of fatty acids due to lipolysis resulted in hepatic uptake at a rate well in excess of the requirement for oxidation. Thus, fatty acids taken up by the liver were channeled to triglyceride synthesis at a markedly accelerated rate in both pigs and humans (105, 106) . The process of hepatic triglyceride deposition is accelerated when a high proportion of the diet is fat (107) . However, substitution of dietary fat with carbohydrate results in the stimulation of de novo fatty acid synthesis, which also contributes to hepatic triglycerides (25) . Thus, it appears production of liver triglycerides is a result of the metabolic response to thermal injury, rather than a simple consequence of nutritional support. Nonetheless, accelerated hepatic triglyceride synthesis does not necessarily translate to increased liver triglycerides. In normal individuals, accelerated hepatic triglyceride synthesis is accompanied by increased VLDLtriglyceride secretion, thereby minimizing hepatic accumulation of triglycerides. In contrast, VLDL-triglyceride secretion is low in burn patients and unresponsive to increased hepatic triglyceride synthesis (105) . Consequently, it can be predicted that reduction of delivery of FFA to the liver would be the most effective approach to minimizing hepatic triglyceride accumulation. Interestingly, excessive glucose intake and uncontrolled hyperglycemia may also lead to fat deposition in the liver augmenting fatty infiltration of the liver post severe thermal injury (108) .
In summary, the liver clearly plays a central role in orchestrating and modulating metabolic processes postburn. The liver is responsible for glucose, fat, and protein metabolism postburn, and alterations in glucose, fat, and protein metabolism have been detrimental outcomes. We, therefore, propose that the liver, with its metabolic function, is one of the essential organs and can determine outcomes of severely burned patients.
Acute Phase Response
After major trauma, such as a severe burn, hepatic protein synthesis shifts from hepatic constitutive proteins, such as albumin, prealbumin, transferrin, and retinol-binding protein to acute phase proteins (13, 16, 22, 26) . Previously, acute phase proteins were divided into type I acute phase proteins, such as haptoglobin and α1-acidglycoprotein, mediated by IL-1-like cytokines (IL-1 and TNF), and type II acute phase proteins, such as α2-macroglobulin and fibrinogen, which are mediated by IL-6-like cytokines (IL-6, IL-11) (13). It is unclear whether this division holds true with the discovery of new cytokines and signal transcription factors. Furthermore, it appears that there is a lot of cross-communication between the two responses, indicating that this strict division is not functional, and reflecting the ongoing responses. However, the upregulation of acute phase proteins represents a redirection of the liver to fulfill immune functions, metabolic responses, coagulation, and wound healing processes (13, 16, 22, 26) .
In contrast to acute phase proteins, constitutive hepatic proteins are downregulated (109) (110) (111) (112) . After a thermal injury, albumin and transferrin decrease by 50% to 70% below normal levels (109) (110) (111) (112) . Studies have shown that two mechanisms are responsible for the decrease of constitutive hepatic proteins: one is that the liver reprioritizes its protein synthesis from constitutive hepatic proteins to acute phase proteins. This could be shown in many studies in which the mRNA synthesis for constitutive hepatic proteins is decreased. The other mechanism for decreased constitutive hepatic protein concentration is the capillary leakage and the loss of constitutive hepatic proteins into the massive extravascular space and burn wound. Albumin and transferrin, however, have important physiologic functions as they serve as transporter proteins and contribute to osmotic pressure and plasma pH (109) (110) (111) (112) . Their downregulation after trauma has been described as potentially harmful and the synthesis of these proteins has been used as a predictor of mortality and indicators of recovery (11, 12, (112) (113) (114) (115) .
Mediators of the acute phase response are cytokines. In several studies, the biphasic time course of proinflammatory cytokines has been demonstrated. Immediately after burn, IL-1, IL-6, IL-8, and TNF increase two-to ten-fold above normal levels, decrease slightly after approximately 12 hours, increase again, and then start to decrease. Animal and human studies demonstrated that cytokines can either approach normal levels within 2 days after trauma or can be elevated up to 2 weeks after thermal injury (10, 16, 26, 44, 70, 116) . The signal transcription cascade includes various pro-and antiinflammatory signal transcription factors such as c-jun/c-fos, nuclear factorkappa B (NF-κB), CCAAT/enhancerbinding-proteins (C/EBPs), tyrosine phosphorylation and activation of intra-cellular tyrosine kinases (JAKs), latent cytoplasmic transcription factors, STAT1, STAT3, and STAT5 (signal transducer and activator of transcription), or mitogenactivated protein (57, 109, 110, (117) (118) (119) (120) (121) . These signals activate transcription, translation, and expression of acute phase proteins. Particularly IL-6 has been speculated to be the main mediating cytokine. IL-6 activates glycoprotein 130 (gp 130) and the JAK-kinases (JAK-1) leading to activation of STAT 1 and 3 translocating to the nucleus. Intranuclear, the genes for acute phase proteins are turned on. The aim of the acute phase response is to protect the body from further damage, and the aim will be achieved when all elements of the acute phase response coalesce in a balanced fashion. However, a prolonged increase in proinflammatory cytokines and acute phase proteins has been shown to be indicative of a hypercatabolic state, associated with an increased risk of sepsis, multiorgan failure, morbidity and mortality (11, 12, (112) (113) (114) .
Vitamin Metabolism
Vitamins play an important role in wound healing, energy, metabolism, inflammation, and antioxidants. Postburn hypermetabolism causes a vitamin deficiency requiring substitution (122) (123) (124) . There are decreased vitamin A levels in burn patients. This is perhaps due to a reduction of retinol binding protein, which is a vitamin A transporter. Vitamin A has been shown to enhance wound healing, thus its substitution is important for dermal wound repair. Vitamin E encompasses antioxidant properties, and in animal experiments, its administration has been shown to reduce lung injury. After a thermal injury, its concentration is decreased, thus its substitution is suggested. Vitamin D, with its crucial function in the ossear cascade, also is decreased after thermal injury; however, its substitution has not been proven. Thiamin and Riboflavin are vitamins that affect energy and protein metabolism and wound healing. Both factors are decreased after trauma.
Thiamin serves as a cofactor in the Krebs cycle and for the oxidation of glucose, thus its need is related to the energy intake. Thiamin is further necessary for the lysyl oxidase function to form collagen. Riboflavin is involved as a coenzyme in oxidation-reduction reactions. Riboflavin is decreased after burn and an increased need for burn victims has been shown (122) (123) (124) . Folic acid is depleted after a burn and can lead to impaired synthesis of DNA and RNA. Inadequate supplies of vitamin B 12 and the indispensable amino acid, methionine, impair folate utilization. Thus, a deficiency of either of these nutrients can produce signs of folate deficiency. Vitamin B complex with B 6 and B 12 serve as coenzymes in the energy and protein metabolic process. Vitamin B 6 is involved in amino acid metabolism, and vitamin B 12 in the catabolism of oddchain-long fatty acids. Both should be substituted in the form of a multivitamin complex, as both are decreased in the postburn hypermetabolic response. Vitamin C plays an important role during the postburn hypermetabolic response. During that period, oxygen-free radicals such as superoxide, peroxide, and hydroxyl may cause increased postburn vascular permeability. Administration of vitamin C, a free radical scavenger, has thus been suggested to be beneficial in terms of reducing microvascular permeability and thus required fluid volume (125) .
Coagulation and Clotting Factors
Homeostasis of clotting is complex and has been investigated recently in thermally injured patients (126) . Thrombotic and fibrinolytic mechanisms are activated after burn and the extent of activation is increased with the severity of the thermal injury. Most homeostatic markers fell during the early shock phase of burns because of dilutional effects, loss, and degradation of plasma proteins. Clotting factors return to normal levels after the aggressive resuscitation period. Later in the postburn course, thrombogenicity has been suggested to be increased because of a decrease in antithrombin III, protein C, and protein S levels while fibrinolysis activation occurs via increases in tissue plasminogen activation factor, thus leading to an increased risk of thrombosis. The hypercoagulable state places many thermally injured patients at risk for disseminated intravascular coagulation (DIC). DIC has been described post mortem in 30% of the examined cases. Alterations in clotting factors indicate liver damage and should raise concern in terms of poor outcomes.
Hormones
Several hormones are produced by or interact with the liver. Hepatocyte growth factor (HGF) has been shown to accelerate hepatic regeneration, improve hepatic function, and modulate the acute phase response in vivo and in vitro (127) (128) (129) . Within 30 to 60 minutes of injury, plasma HGF is elevated, presumably sending a strong mitogenic signal to the hepatocytes (127) (128) (129) . The cause of the increase in plasma HGF is currently unknown; however, it has been postulated to be due either to increased production of HGF in extrahepatic organs such as lung, spleen, kidney, or gut, or to a decrease in hepatic HGF excretion (127) (128) (129) . The rapid increase in HGF stimulates hepatocyte mitogenesis, motogenesis, and DNA synthesis (27) . HGF administered to normal rats only stimulates a small number of hepatocytes to enter the DNA synthesis cycle, indicating that hepatocytes in normal livers are not ready to respond to mitogenic signals without the priming events that switch them into a responsive mode (27) .
Our group has shown that rhHGF administration restores homeostasis of the acute phase response postburn (128) by increasing constitutive hepatic proteins and decreasing acute phase proteins. The exact mechanisms by which HGF stimulates constitutive hepatic proteins are unknown; however, HGF is capable of regulating the synthesis of several transcription factors, one of which is C/EBPs (130) . Activation of C/EBPα during the acute phase response leads to stimulation of constitutive hepatic proteins (130) while blockade of the C/EBPα leads to decreased synthesis of acute phase proteins (130) . HGF, furthermore, exerted beneficial effects after thermal injury by increasing liver weight, liver weight per 100 g body weight, and higher total hepatic protein content compared with rats receiving saline. HGF, furthermore, demonstrated no increase in liver triglyceride content, a phenomenon associated with thermal injury (15, 16) .
Another hormone that is synthesized in the liver is IGF-I. IGF-I is a 7.7-kDa single-chain polypeptide of 70 amino acids with sequence homology to proinsulin (131) . In the system, 95% to 99% of IGF-I is bound and transported with one of its six binding proteins IGFBP 1-6 (131,132) . The IGF-I system is synthesized in the liver and its production is stimulated by GH (131) (132) (133) . IGF-I has been shown to improve cell recovery, muscle protein synthesis, gut and immune function, and exert promitogenic functions not only after burn, but also in various other pathological states (7, (134) (135) (136) (137) . Recent evidence suggests that IGF-I is instrumental in the early phases of liver regeneration after trauma and modulates the hepatic acute phase response in burned rats restoring hepatic homeostasis and improving hepatic morphology (136, 137) . Hormones, therefore, play an important function in hepatic recovery and regeneration.
Importance of the Liver for Postburn Outcomes
In the sections above, we have described that the liver has multiple essential functions, but the question remains, is liver function and integrity essential for burn outcomes? The significance of the liver postburn is essentially unknown. There is evidence based on the retrospective study from Price et al. (138) that liver function and integrity affect outcomes of burn victims. Prospective studies examining this do not exist; we therefore conducted several studies to explore whether hepatic function can affect burn outcomes. In our first study, Barret et al. (29) reviewed autopsies of pediatric burn patients and determined the incidence of hepatomegaly, fatty liver, and sepsis. All patients had hepatomegaly at autopsy, while 80% had fatty infiltration of the liver. Barret et al. (29) further found that patients with severe hepatic fatty infiltration had a higher incidence of sepsis indicating that fatty infiltration of the liver is associated with an increased incidence of sepsis. We then asked whether hepatomegaly is specific for nonsurvivors or does it occur in burn patients that recover. In a large prospective study, we (16) found that postburn liver size significantly increased starting the first week postburn (+185 ± 5%), peaked at 2 weeks postburn (+226 ± 19%), and was increased by +189 ± 10% at discharge. At 6, 9, and 12 months postburn, liver weight was increased by 140% to 150% compared with predicted liver weight, indicating prolonged alterations in liver structure. Hepatic protein synthesis was affected up to 12 months after burn (16) . We, therefore, concluded that the liver demonstrates a significant enlargement accompanied by impairment in hepatic protein synthesis.
To determine whether hepatomegaly and hepatic steatosis play a role in burn outcomes, Mittendorfer et al. (107) designed an experiment in rodents. Fatty liver was induced by nutritional manipulation and mortality after a 60% TBSA burn was determined. Our data showed that a high-fat diet caused hepatomegaly and induced fatty liver. In rats with hepatomegaly and hepatic steatosis, mortality was 40% while there were no deaths in the control group. We concluded that hepatomegaly and hepatic steatosis and dysfunction in severely burned rats are associated with increased mortality after thermal injury. Data indicated that liver integrity and function are crucial for survival postburn (107) . The liver's importance for survival was also demonstrated in other diseases (139) . Deutschman et al. (139) demonstrated in a mouse sepsis model that IL-6 knockout mice demonstrated a tremendously increased mortality when compared with normal littermates (IL-6 competent). When the authors evaluated hepatic changes, they found that CLP induced cholestasis, steatosis, and hepatocellular injury in IL-6 -/-, but not IL-6 +/+, mice. Regeneration was absent following CLP in IL-6 -/-animals but occurred in IL-6 +/+ mice. The authors concluded that the absence of IL-6 is an important determinant of hepatic dysfunction and mortality in sepsis, but more interesting is the fact that hepatic damage and dysfunction was associated with a three-to four-fold increase in mortality (139) . Others and we (140, 141) hypothesize that the Fas/Fas Ligand is involved in hepatic failure and hepatic apoptosis. Song et al. (141) elegantly demonstrated that RNA interference targeting Fas protected mice from fulminant hepatitis. The authors further showed that Fas silencing prevents death from fulminant hepatitis and concluded that hepatic dysfunction contributes to mortality and restoring hepatic function will improve mortality (141) . The function of Fas/FasL in burns is not investigated fully, but there is strong evidence that burn induces Fas/ FasL (142), representing one possible pathway by which burn induces hepatic apoptosis and dysfunction.
As the association between organ impairment and mortality is difficult to make in animal experiments, we conducted prospective clinical studies to determine whether liver function affects postburn outcomes. The first study we conducted was in collaboration with the Inflammation and the Host Response to Injury group (Glue grant) (Finnerty, submitted to Nature Medicine). From a cohort of 75 patients with burns over ≥20% of the TBSA requiring surgical treatment, 16 nonsurvivors were identified and matched to 16 survivors. We analyzed plasma proteins by high throughput proteomic analysis to screen for specific protein expression and to identify a proteomic signature that can predict survival or nonsurvival in severely burned patients (Finnerty, submitted to Nature Medicine). The profiling of the 32 samples led to a total of 4,163 different peptides corresponding to 602 different plasma proteins. Analysis identified 39 proteins that were statistically different between the two groups. Twenty-three of these proteins are produced in the liver and are either part of the coagulation cascade, the complement response, hepatic acute phase response signaling, or hepatic fibrosis and stellate cell activation. These data indicate that the proteomic signature predicts outcomes. Furthermore, data indicate that the majority of the 39 proteins differentially expressed in nonsurvivors after burn are produced in the liver. This strongly supports the hypothesis in a randomized multicenter trial that liver function and integrity orchestrates and determines postburn outcomes and survival. As mortality represents a very strong outcome, we then asked whether liver protein could further predict the incidence of multiorgan failure. Twenty-two patients with similar burn size and injury severity were divided into burn with multiorgan failure (MOF) (DENVER2 > 3) and no MOF. We determined the proteomic signature at admit and at peak DENVER2. We found that 20 proteins were expressed differently in burn patients with MOF and burn patients without MOF. Of these 20 proteins, 15 are produced in the liver and can be categorized into acute phase proteins, coagulation, inflammation, and liver metabolism (unpublished data). This finding indicates that liver function and protein production not only determine survival, but also the incidence of MOF, delineating the importance of the liver postburn.
Lastly, we conducted a large follow-up study and divided 100 control patients (receiving no anabolic or experimental drug) into survivors and nonsurvivors. To screen for possible serum biomarker predictors, we studied data sets comprising hormones, proteins, cytokines, and electrolytes. Different supervised and unsupervised feature extraction techniques and quadratic discriminant analysis (QDA) were applied to classify data using all the features. We used the plot for the empirical cumulative distribution (CDF) of the P values to decide the number of features needed for our study for the purpose of data reduction. Patient demographic and injury severity was similar between the two groups. We found using 38 serum biomarkers that eight "features" have strong discrimination. Biomarkers free fatty acid, retinol binding protein, prealbumin/albumin, α1-acid glycoprotein, alanine amino transferase, apolipoprotein A1, and haptoglobin are the most significant and important proteins indicating if the patient is at a higher risk to die in the early stage postburn. We calculated the probability of survival based on the fitted model, and the performance was > 0.97. These data from severely burned pediatric patients confirm the data from burned adults and again emphasize the importance of hepatic proteins on survival and postburn outcomes.
CONCLUSION
In summary, a severe burn represents a devastating injury affecting nearly every organ system and leading to significant morbidity and mortality (7) . In this review, we delineated the central role of the liver during the postburn response. The liver has not one, but myriad functions that are each essential for survival ( Figure 5 ). All of these hepatic functions are affected by a thermal injury, and we have strong evidence that hepatic biomarkers predict and determine morbidity and mortality in severely burned patients. We, therefore, believe that the liver is central for postburn outcome and we propose that attenuation of liver damage and restoration of liver function will improve morbidity and mortality of severely burned patients. Our hypothesis is being supported by a recent book on the liver in which Will Self writes, "Our livers are more valuable than we are, more able, more alive" (143) .
The aim of this review article was to delineate for the first time the role of the liver during the post thermal injury response. We believe the liver is important and determines survival. Currently there are no treatments for liver failure in burns, but based on this review, perhaps research will drive in the direction to develop novel treatments.
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